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Abstract 
Calcium-activated small conductance potassium channels (SK) are crucial for 
synaptic plasticity, sleep, and learning and memory (Hammond, Bond et al. 2006; 
Cueni, Canepari et al. 2008; Lin, Lujan et al. 2008). Despite the recent progress 
on SK channel physiology, the precise spatial organization of SK channels in 
neurons has remained unknown. Such knowledge is critical as the subcellular 
distribution of SK channels is an important determinant of neuronal excitability. 
Currently, there are no techniques to image ion channel distribution quantitatively 
at the nanometer scale in living cells. Here, it is demonstrated that integration of 
natural toxins with single molecule atomic force microscopy (AFM) allows for the 
mapping of native SK channels in living cells. By measuring the adhesive forces 
between cell surface expressed SK channels and apamin, a toxin that specifically 
binds to SK channels, it was found that SK channels are spatially organized in 
nanodomains of one to three channels. It is also shown that SK channel 
distribution in pyramidal neurons is polarized, increasing by 40 fold between the 
soma and dendrites. Additionally, the SK channel dendritic maps are dynamic 
under the control of the cAMP second messenger cascade. Together, our study 
demonstrates that integration of pharmacology with single molecule AFM allows 
to quantitatively reveal ion channel distribution in living cells thus providing a new 
tool for the study of ion channels and receptors in cell physiology.   
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Chapter 1. Introduction 
One of the challenges in cellular neuroscience is to determine the subcellular 
distribution of the hundreds of ion channels resident in neurons.  This is because 
ion channel localization partly specifies the intrinsic excitability and computational 
properties of the different neuronal compartments (i.e. dendrites, soma, axon) 
(Zoltan 2009). Ion channel subcellular localization is usually determined either 
through immunohistochemistry or immunofluorescence localization of antibodies 
raised against ion channel subunits (Lorincz and Nusser 2008; Vacher, 
Mohapatra et al. 2008). Antibody visualization then occurs via light, confocal or 
electron microscopy. Limitations of these approaches are their dependence on 
antibody specificity and sample preparation. Antibody specificity is determined by 
the use of knockout mice, but currently, only a small subset of ion channel 
antibodies have been validated using this approach. Additionally, antibody 
labeling is stochastic, detecting only a portion of the targeted ion channels. 
Another limitation using immunohistochemical approaches is the need to use 
cells and tissues that are chemically fixed increasing interference with antibody 
labeling (Lorincz and Nusser 2008). To overcome these obstacles, we combined 
single molecule atomic force microscopy (Dupres, Menozzi et al. 2005; Dufrene 
and Hinterdorfer 2008) with toxin pharmacology to map the distribution of calcium 
activated small conductance potassium channels (SK) on neuronal surfaces of 
living cells.  
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Chapter 2. Review of Literature 
 
2.1.  Calcium-activated small conductance potassium channels 
In central nervous system (CNS) neurons and many other cell types, intracellular 
calcium ions trigger a wide variety of calcium-dependent signaling events and 
reaction cascades—sometimes with even opposing effects on cellular function 
(Fakler and Adelman 2008). To selectively coordinate such a potentially complex 
range of calcium-dependent reactions, the calcium signal is precisely localized in 
time and space and the intracellular calcium concentration ([Ca2+]i) is increased 
only for short periods of time and at spatially restricted domains. The specificity, 
speed, and reliability of calcium-dependent processes is achieved and ensured 
by tightly restricting calcium signals to very local spatiotemporal domains, 
“calcium nano- and microdomains,” that are centered around calcium -permeable 
channels. This arrangement requires that the calcium-dependent effectors reside 
within these spatial boundaries where the properties of the calcium domain and 
the calcium sensor of the effector determine the channel-effector activity.  
 
2.1.1. SK channel activation 
Activation of calcium-activated potassium currents was first demonstrated in red 
blood cells, where it caused membrane hyperpolarization and shrinkage of the 
cell (G 1958). Following the observation of calcium-activated potassium currents 
in mollusk neurons (R.W 1972) and cat spinal motor neurons (Krnjević and 
Lisiewicz 1972), calcium-activated potassium current activation was shown to 
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underlie the afterhyperpolarization (AHP) that regulates action potential firing in 
hippocampal CA1-CA3 pyramidal neurons (Alger and Nicoll 1980; Hotson and 
Prince 1980; Schwartzkroin and Stafstrom 1980). Three subfamilies of calcium-
activated potassium channel subunits exist: large conductance (BK), 
intermediate conductance (IK), and small conductance (SK1, SK2, SK3) 
channels. The current work will focus on calcium-activated small conductance 
potassium (SK) channels (Fig. 2.1.1). 
 
 
Figure 2.1.1. Small conductance calcium-activated potassium channels. SK channels 
are potassium selective and activated by an increase in the level of intracellular calcium. 
Calcium ions indirectly bind to SK channels by binding to calmodulin (CaM). 
 
Small conductance calcium-activated potassium channels play a fundamental 
role in all excitable cells and are crucial for synaptic plasticity, sleep, and learning 
and memory (Vergara, Latorre et al. 1998; Hammond, Bond et al. 2006; Cueni, 
Canepari et al. 2008; Lin, Lujan et al. 2008). They also contribute to the 
hyperpolarization that follows action potentials, the AHP, which controls repetitive 
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firing patterns of neurons. This limits the firing frequency of repetitive action 
potentials which protects the cell from the harmful effects of continuous, 
immense activity. Similar to other potassium channels, SK channels have six 
transmembrane domains and a P loop region, homology with the pore region of 
voltage-sensitive potassium channels (between S5 and S6), and intracellular N 
and C termini (Louise Faber 2009). SK channels are composed of four pore-
forming subunits, which can be homomeric or heteromeric (Adelman, Maylie et 
al. 2012). SK2 channels exist in two isoforms that differ only in the length of their 
N-terminal domains. SK2-long (SK2-L) and SK2-short (SK2-S) are coexpressed 
in CA1 pyramidal neurons and likely form heteromeric channels (Strassmaier, 
Bond et al. 2005; Murthy, Teodorescu et al. 2008; Allen, Bond et al. 2011). When 
expressed separately, SK2-S and SK2-L form functional homomeric SK channels 
with similar calcium sensitivities (Allen, Bond et al. 2011). These channels lack 
voltage dependence, are potassium selective, and are activated by an increase 
in the level of intracellular calcium which can occur during action potentials to 
activate somatic SK channels. Calcium ions indirectly bind to SK channels by 
binding to calmodulin (CaM) which binds to the SK channel subunit via a CaM-
binding domain in the channel’s C-terminus (Xia, Fakler et al. 1998; Schumacher, 
Rivard et al. 2001; Kim and Hoffman 2008; Adelman, Maylie et al. 2012). This 
leads to a conformational change of the SK channel, which opens the channel 
and allows potassium efflux. Structural and functional analysis has indicated that 
two of the four calcium-binding motifs of CaM in the C-terminus mediate the 
calcium-independent interaction of CaM with the SK subunits (Weatherall, 
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Goodchild et al. 2010). SK channels have a small conductance of approximately 
10-14 pS (Louise Faber 2009). They are highly sensitive to calcium, with a half 
maximal activation of ~300 nM calcium (Louise Faber 2009; Weatherall, 
Goodchild et al. 2010). Activation occurs in 5-15 ms (Xia, Fakler et al. 1998; 
Pedarzani, Mosbacher et al. 2001; Weatherall, Goodchild et al. 2010; Adelman, 
Maylie et al. 2012), a time-frame consistent with opening rates of channels 
obtained from single channel recordings, to produce a time- and voltage-
independent current (Weatherall, Goodchild et al. 2010). SK channels in 
hippocampal neurons exhibit an open channel probability of 0.5 with 1 µM 
calcium (Lancaster, Nicoll et al. 1991). Channel deactivation occurs in 
approximately 50 ms (Bildl, Strassmaier et al. 2004; Adelman, Maylie et al. 
2012), when calcium dissociates from calmodulin.  
 
SK channels can be activated by the influx of calcium through voltage-dependent 
calcium (Cav) channels that are activated by action potentials. During a train of 
action potentials, calcium entering through voltage-gated calcium channels can 
activate apamin-sensitive SK channels with relatively high affinity (Km ~ 500 nM) 
(Stocker 2004). SK channels can also be activated by calcium release from 
internal stores such as that which occurs following G protein-coupled 
metabotropic glutamate receptor activation, which leads to generation of inositol 
triphosphate and consequently the release of calcium. Another internal store is 
calcium-induced calcium release subsequent to calcium influx through Cav 
channels, and the activation of ryanodine receptors or inositol triphosphate 
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receptors (Adelman, Maylie et al. 2012). SK channels exhibit a Hill coefficient of 
2-4 (Vergara, Latorre et al. 1998), suggesting that more than one calcium ion is 
required to bind for channel activation and that binding may be cooperative. 
 
SK channels are blocked by a number of pharmacological agents, including the 
bee venom toxin apamin (Burgess, Claret et al. 1981; Blatz and Magleby 1986), 
tubocuranine, quarternary salts of bicuculline such as bicuculline methiodide and 
bicuculline methochloride (Seutin and Johnson 1999), the scorpion toxin 
scyllatoxin (Castle and Strong 1986), NS8593 (Louise Faber 2009), dequalinium 
(Dunn 1994), UCL1848, and a number of bisquinolinium cyclophanes (Campos 
Rosa, Galanakis et al. 1999; Benton, Monaghan et al. 2003). Tamapin from 
scorpion venom (Pedarzani, D'hoedt et al. 2002) and Lei-Dab7, a synthetic 
derivative of Leiurotoxin (Shakkottai, Regaya et al. 2001), selectively block SK2 
channels (Louise Faber 2009). Buffering intracellular calcium with high 
concentrations of BAPTA or EGTA also blocks activation of SK channels (Fakler 
and Adelman 2008; Louise Faber 2009).  
 
Apamin is commonly used to block SK channels in experiments because of its 
high specificity and because it has been tested in knockout mice. The binding 
site for apamin is located in both the pore region, between S5 and S6, and on a 
serine residue located in the extracellular region between S3 and S4 (Louise 
Faber 2009). Apamin specifically binds to SK channels at their extracellular 
region with high affinity (8-10 pM) and with 1:1 stoichiometry, meaning that one 
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apamin molecule binds to one SK channel tetramer (Weatherall, Goodchild et al. 
2010). The toxin is unusual in that it displays selectivity between SK channel 
subtypes, with the SK2 current being the most sensitive to apamin (Louise Faber 
2009). Functional block of SK2 by apamin displays a half maximal inhibitory 
concentration (IC50 ~50-100 pM) of approximately 10- to 20-fold greater than the 
binding affinity (KD ~5 pM) (Köhler, Hirschberg et al. 1996; Strøbæk, Jørgensen 
et al. 2000; Finlayson, Mcluckie et al. 2001; Weatherall, Goodchild et al. 2010), 
while the values for SK1 and SK3 channels differ significantly. For SK3 channels, 
the IC50 (~1-4 nM) is approximately 400-fold greater than the KD (~10 pM) (Ishii, 
Maylie et al. 1997; Finlayson, Mcluckie et al. 2001). For SK1 channels, the IC50 
(~1-10 nM) is approximately 3- to 33-fold greater (KD ~300-400 pM) (Strøbæk, 
Jørgensen et al. 2000; Finlayson, Mcluckie et al. 2001). The lower sensitivity of 
SK1 channels to apamin compared to SK2 channels is due to replacement of the 
serine residue on the extracellular region between S3 and S4 with a threonine on 
the SK1 subunit (Louise Faber 2009).  
 
2.1.2. Function of SK channels 
SK channels are widely distributed throughout the brain with SK2 channels 
primarily expressed in the neocortex, hippocampus, amygdale, cerebellum, and 
brainstem. These channels have the ability to act as feedback regulators in many 
neuronal processes, including repetitive action potential firing, dendritic calcium 
rises, spine calcium rises, and endocannabinoid signaling. SK channels primarily 
contribute to the afterhyperpolarization that follows action potentials and controls 
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the pattern and frequency of action potential firing in many cell types. This spike-
frequency adaptation protects the cell from the harmful effects of continuous, 
immense activity and is essential for normal neurotransmission (Vergara, Latorre 
et al. 1998). There are three phases of the AHP, each of which is at least partly 
mediated by calcium-activated potassium channels. The fast AHP, which 
immediately follows the downstroke of the action potential, is mediated by BK 
channels, together with some voltage-gated potassium channels (Louise Faber 
2009). The medium AHP is activated rapidly and decays over several hundred 
milliseconds. SK channels contribute to the medium AHP in nearly all types of 
neurons. The role of the medium AHP in many cell types is to control the 
frequency of action potential discharge by controlling the firing patterns of 
neurons (Louise Faber 2009). The final phase is the slow AHP which activates 
over several hundred milliseconds and can last up to 6 s, for which the 
underlying channel is unknown. AHPs can be broadly classified into two groups, 
those sensitive to apamin and those that are not (Pankaj 1996; Weatherall, 
Goodchild et al. 2010). 
 
SK channels are crucial for learning and memory, and systemic administration of 
apamin, which crosses the blood-brain barrier (Cheng-Raude, Treloar et al. 
1976), has been shown to facilitate these processes. Apamin facilitates the 
encoding of memory, as assessed by habituation of exploratory activity, and 
improves performance on the novel object recognition task. Further, apamin-
treated mice exhibit faster learning. Thus, blockage of SK channels facilitates an 
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early stage of hippocampus-dependent spatial memory encoding (Deschaux and 
Bizot 2005; Adelman, Maylie et al. 2012). Systemic apamin has also been found 
to facilitate the encoding of hippocampus-dependent contextual fear memory and 
these findings suggest that SK channels limit memory encoding (Matus-Amat, 
Higgins et al. 2004; Jacobsen, Redrobe et al. 2009; Vick Iv, Guidi et al. 2010; 
Adelman, Maylie et al. 2012). In addition to influencing the acquisition phase, 
changes in SK channel activity may contribute to the expression of learning and 
memory. Similarly, SK channel activity is also implicated in memory retention, 
such as that which may occur in normal aging, after brain damage, or associated 
with Alzheimer’s disease (Kása, Rakonczay et al. 1997; Ikonen and Riekkinen Jr 
1999; Inan, Aksu et al. 2000; Adelman, Maylie et al. 2012). In contrast to the 
effects of blocking SK channels with apamin, increasing SK channel activity 
impairs learning (Hammond, Bond et al. 2006; Vick Iv, Guidi et al. 2010). 
Collectively, these studies underline the importance of SK channels in 
information processing and storage at the systems level, suggesting that SK 
channels may be appropriate targets for therapeutic intervention in learning 
deficits associated with trauma, pathologies, normal aging, and alcohol addiction.  
 
SK channel activity is affected by multiple neuromodulators, often through the 
generation of cyclic adenosine monophosphate (cAMP) and subsequent 
activation of protein kinase A (PKA). Studies in neurons and heterologous cells 
have shown that application of forskolin causes the internalization of SK2 
channels from cell surfaces (Strassmaier, Bond et al. 2005; Allen, Fakler et al. 
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2007; Vacher, Mohapatra et al. 2008). Forskolin works by activating the enzyme 
adenylyl cyclase to increase intracellular levels of cAMP, thus activating PKA.  
 
2.1.3. SK channel localization 
Despite the recent progress on SK channel physiology, the precise spatial 
organization of SK channels in neurons remains unknown. Such knowledge is 
critical as the subcellular distribution of SK channels is an important determinant 
of neuronal excitability. Studies using light and electron microscopy suggest that 
SK channels are enriched in dendrites and post-synaptic densities, although 
other evidence indicates a more uniform neuronal distribution (Bowden, Fletcher 
et al. 2001; Sailer, Hu et al. 2002; Sailer, Kaufmann et al. 2004; Bond, Maylie et 
al. 2005; Faber, Delaney et al. 2005; Lin, Lujan et al. 2008; Ballesteros-Merino, 
Lin et al. 2011). Within a neuronal compartment, the spatial organization of these 
channels is also unclear. Recent evidence suggests that at least one SK channel 
isoform is prone to clustering in heterologous cells, and that SK channels 
associate in macromolecular complexes that could impede their diffusion in 
plasma membranes (Strassmaier, Bond et al. 2005; Allen, Fakler et al. 2007). 
The aforementioned observations raise the possibility that SK channels might not 
be uniformly distributed on neuronal surfaces.  
 
Currently, there are no techniques to image ion channel distribution quantitatively 
at the nanometer scale in living cells. Ion channel distribution is usually 
determined through immunofluorescence localization of antibodies raised against 
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ion channels and receptors, followed by visualization using confocal or electron 
microscopy. A major limitation of immunofluorescence is its dependence on 
antibody specificity and sample preparation. Antibody specificity is determined 
through the use of knockout mice, but currently only a small subset of ion 
channel and receptor antibodies have been tested. Additionally, antibody labeling 
is stochastic and detects only a fraction of the target membrane proteins. Another 
caveat of using immunofluorescence is the inability to perform real-time 
measurements, as the cells and tissues must be chemically fixed. Lastly, the 
typical resolution obtained using confocal or electron microscopy is 
approximately 200-250 nm (Toomre and Bewersdorf 2010), which is significantly 
greater than the size of an ion channel or receptor. The current study 
demonstrates that integration of natural toxins with single molecule atomic force 
microscopy (AFM) allows for the mapping of native SK channels in living cells.  
 
2.2.  Atomic force microscopy 
Atomic force microscopy (AFM; Fig. 2.2.1) (Binnig, Quate et al. 1986) has 
opened a wide range of novel possibilities for imaging and manipulating 
biological systems in their native environment (Dufrene and Hinterdorfer 2008; 
Müller and Dufrêne 2011).  It allows for measurements of native biological 
samples in physiological-like conditions (Alessandrini and Facci 2005; Maciaszek 
and Lykotrafitis 2011) while avoiding complex sample preparation procedures 
and the artifacts connected with such procedures. The mild experimental 
conditions used in AFM allow for dynamic studies of molecular interactions at the 
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single-molecule level (Dupres, Menozzi et al. 2005; Dufrene and Hinterdorfer 
2008; Maciaszek, Andemariam et al. 2012). In particular, functionalization of the 
AFM cantilever tip with ligands has allowed for mapping the distribution of 
complementary receptors on model or cellular surfaces (Hinterdorfer, 
Baumgartner et al. 1996; Baumgartner, Hinterdorfer et al. 2000; Dupres, Menozzi 
et al. 2005; Lee, Mandic et al. 2007; Dufrene and Hinterdorfer 2008; Lim, Vedula 
et al. 2008; Müller and Dufrêne 2011) with high resolution. This technique is 
known as single-molecule force spectroscopy (SMFS). 
 
 
Figure 2.2.1. Atomic force microscope. Labeled components of the Asylum Research 
MFP-3D-BIO AFM atop a Zeiss optical inverted microscope. Image edited from Asylum 
Research MFP-3D-BIO brochure (Asylum 2011). 
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The AFM works by scanning, in a raster fashion, a very tiny tip mounted at the 
end of a flexible cantilever in gentle touch with the sample. This relative motion is 
performed with sub-Angstrom accuracy by a piezoelectric actuator. Interacting 
with the sample, the cantilever deflects and the tip-sample interaction can be 
monitored with high resolution exploiting a laser beam impinging on the back of 
the cantilever (Binnig, Quate et al. 1986; Alessandrini and Facci 2005). The 
beam is reflected towards a split photodetector configuring an optical lever which 
amplifies cantilever deflections. Connected to the cantilever deflection sensor is a 
feedback circuit that keeps interactions between the cantilever tip and the sample 
at a fixed value by controlling the distance between the cantilever tip and the 
sample. AFM cantilever probes utilized in biological applications are generally 
composed of thin silicon nitride with a tiny pyramid tip at the end of the probe. 
Typical spring constants for these AFM cantilevers range from 0.01 N/m to 100 
N/m, enabling a minimum force sensitivity of approximately 10-11 N. 
 
In single-molecule force spectroscopy, the AFM is utilized to probe a range of 
important adhesion receptors on various cells with ligand-functionalized 
cantilever tips (Sen, Subramanian et al. 2005; Dufrene and Hinterdorfer 2008; 
Maciaszek, Andemariam et al. 2012).  Silicon nitride cantilever probes are 
functionalized with a small protein through the use of a linker (e.g. a polyethylene 
glycol linker). Complications arise because most proteins and linkers are highly 
flexible polymers with nonlinear elastic properties. For relatively short linkers, the 
stiffness scale is <1 pN/nm. When connected to stiff probes, such as AFM 
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cantilevers with a spring constant (k > 10 pN/nm), the soft linkage of the protein-
protein interaction dominates the behavior of the cantilever-protein effective 
spring (Evans 2001). SMFS operates by collecting a set of force curves from 
many points on a sample to create a two-dimensional map of the tip-surface 
interaction. The recorded force curve is an approach-retract cycle between the 
cantilever tip and the sample, during which the cantilever deflection is measured 
as a function of the relative motion. One force curve is recorded for each image 
pixel point. For example, by scanning an area of 1 µm2 with 32 x 32 points, a 
high lateral resolution of 31.25 nm is obtained.  
 
A typical force curve (Fig. 2.2.2) can be divided into several regions. Starting 
from the right (region I) the AFM tip is far from the sample and no interaction is 
detected. Moving towards the left side of the plot (dotted curve), the tip is 
approaching the sample and no interaction is detected until the cantilever 
deflects downwards towards the sample as a result of van der Waals forces 
(region II). At this point, these van der Waals forces cause the cantilever tip to 
snap into contact with the sample. The ‘jump to contact’ point corresponds to the 
position where the gradient of the interaction force exceeds the cantilever spring 
constant. At each position in the force curve, the cantilever is deflected until the 
restoring force is equal to the interaction force with the sample, thus causing the 
system to be always at equilibrium. After the contact, as the tip continues its 
approach cycle and moves closer to the surface, a positive deflection of the 
cantilever arises (region III) due to repulsive forces. This is the contact region of 
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the force curve where elastic properties of the sample can be measured 
(Radmacher 1997; Vinckier and Semenza 1998; Rico, Roca-Cusachs et al. 2005; 
Maciaszek, Andemariam et al. 2011; Maciaszek and Lykotrafitis 2011). The 
cantilever moves toward the sample until a preset force threshold is reached. At 
this time, the movement direction is inverted and the cantilever starts moving 
away from the sample (solid curve). Initially, the behavior of the cantilever during 
withdrawal equals that described for the approach, but due to adhesion between 
the functionalized cantilever tip and the sample, the cantilever starts to deflect 
negatively (region IV) until the adhesion force is overcome by the cantilever 
 
Figure 2.2.2. Force curve regions. Force curve illustration with the different regions of 
the approach and withdrawal portions highlighted. Region I demonstrates no interaction 
between the tip and the sample, region II shows the cantilever deflecting downward 
towards the sample as a result of van der Waals forces, region III shows the positive 
deflection of the cantilever due to repulsive forces, and region IV demonstrates the 
negative deflection of the cantilever tip as a result of adhesion forces between the tip 
and the sample. The different regions are discussed thoroughly in the text. 
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restoring force and the contact breaks. The resulting breakage of contact is 
referred to as the rupture force and is used to determine the bond magnitude of a 
protein-protein interaction, or any interaction between a molecule functionalized 
on the cantilever tip and a receptor on the sample. 
 
 In a force-curve cycle the cantilever deflection is measured and can be 
converted to force using Hooke’s law: 
 
       
 
where   is the force,   is the spring constant of the cantilever and   is the 
cantilever deflection. By using a cantilever with a very small spring constant, a 
resolution of 10 pN can be obtained in the measurement of forces (Alessandrini 
and Facci 2005). 
 
The retraction component of the force curve provides information on the 
adhesion force between the functionalized cantilever tip and the protein or 
channel on the cell surface (Müller and Dufrêne 2011; Maciaszek, Andemariam 
et al. 2012). If on the sample surface there is a molecule or a cell and the tip is 
functionalized in order to expose a partner suitable to specific interaction with it 
off its surface, the ligand-receptor interaction can be measured by exploiting the 
rupture force in the retract portion of the force curve. When the tip and sample 
are brought into contact, the molecules present on the tip and surface interact 
17 
 
and form bonds. Upon cantilever retraction, the bonds previously formed are 
disrupted and the typical rupture force is measured. To analyze the collected 
data, usually a distribution of the number of rupture events as a function of the 
rupture force is obtained. The presence of a rupture force is the indication that a 
single-molecule interaction is measured, the multiples of the binding force being 
the result of coincident breakage of several bonds. Moreover, when a retract 
curve presents several rupture events, the last one represents most likely a 
single bond breakage (Evans 2001; Alessandrini and Facci 2005).   
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Chapter 3. Materials and Methods 
 
 
3.1.  Use of experimental animals 
All studies were conducted with a protocol approved by the University of 
Connecticut Institutional Animal Case and Use Committee in compliance with 
NIH guidelines for the care and use of experimental animals.  
 
3.2.  Transfection of SK2 channels in HEK293T cells 
HEK293T cells were cultured and transfected with recombinant DNA (0.1 - 3 µg) 
using Lipofectamine 2000 (Invitrogen). SK2-S subcloned into a pEGFP-N1 vector 
(Clontech) was a gift of Chul-Seung Park, PhD (Gwangju Institute of Science and 
Technology, Gwangju, Korea) while SK2-L was a gift from John P. Adelman, 
PhD (Vollum Institure, OHSU). HEK293T cells were cultured and transfected with 
SK2 channels by the Tzingounis lab (Physiology & Neurobiology, University of 
Connecticut).  
 
3.3. Electrophysiology of SK currents 
Electrophysiological measurements of SK currents were performed on 
transfected HEK293T cells 24-hr post-transfection. SK2 currents were recorded 
using conventional whole-cell patch-clamp recordings. The recording electrodes 
were filled with solution containing (in mM): 110 K-gluconate, 10 KCl, 20 KOH, 4 
Mg·ATP, 8.73 CaCl2, 20 HEPES, 10 EGTA·KOH (pH 7.2). Based on the Ca-Mg-
ATP-EGTA Calculator v1.0 using constants from NIST database #46 v8, the free 
Ca2+ concentration was 1.1 µM. The electrode resistances were 4–5 MΩ. The 
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extracellular solution contained (in mM): 144 NaCl, 2.5 KCl, 2.5 CaCl2, 1.2 MgCl2, 
10 HEPES, and 22 D-Glucose (pH 7.2). A voltage ramp was applied from a 
holding potential of -100 mV to +20 mV (13 mV/s). The data were low-pass 
filtered at 2 kHz and sampled at 10 kHz. For all recordings, a Multiclamp 700B 
amplifier interfaced to a computer through a Digidata 1440A digitizer (Molecular 
Devices) was used. Data were acquired with Clampex v10.2 (Molecular 
Devices). Electrophysiology of SK2 currents was performed by the Tzingounis 
lab (Physiology & Neurobiology, University of Connecticut) to verify the presence 
and functionality of transfected SK2 channels.  
 
3.4.  Primary culture and fixation of rat hippocampal neurons 
Dissociated hippocampal cells from Sprague-Dawley rat pups on embryonic day 
18 (E18) or E19 were plated onto 12-mm diameter poly-l-lysine/laminin-coated 
glass coverslips at a density of ~150 neurons/mm2 as described in (Brewer, 
Torricelli et al. 1993; Lim and Walikonis 2008) and grown in astrocyte-
conditioned neurobasal media as described in (Goslin, Assmussen et al. 1998; 
Lim and Walikonis 2008). Rat hippocampal neurons were cultured in the 
Walikonis lab (Physiology & Neurobiology, University of Connecticut).  
 
3.5.  Preparation of AFM cantilever probes 
Silicon nitride cantilevers were gently rinsed with ethanol and 18 MΩ water 
before being placed in a clean, dry petri dish with 30 µl APTES (3-aminopropy-
triethoxysilane) and 10 µl triethylamine for 1h. PEG-linker was prepared by 
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adding dry methylene choride (0.5 ml), triethylamine (7 µl), and 7.5 mg (7.5 µl) of 
N3-dPEG-NH2 linker (Quanta Biodesign, Powell, OH) to a small, dry glass vial. 
The vial was sealed and inverted several times until all of the solid substances 
dissolved. After the probes were tightly sealed with APTES for 1h, they were 
removed and immediately added to the PEG-linker at 4°C. After 1h, the probes 
were rinsed with methylene chloride, ethanol, and then 18 MΩ water. Cantilever 
probes were then placed in a parafilm-coated dish with their tips pointed upwards 
and inwards in a circular manner. 50 µl of 100 nM apamin is added to the center 
of the cantilevers, in contact with the probes. After 2 hours, AFM probes were 
rinsed in PBS buffer. Probes are stored in PBS buffer and maintained at 4°C for 
use within 72 hours of preparation. 
 
3.6.  Atomic force microscopy measurements 
Atomic force microscopy adhesion maps and force-distance curves are obtained 
using an Asylum MFP 3D-BIO (Asylum Research, Santa Barbara, CA) AFM 
equipped with “liquid cell” setup. HEK293T cell measurements are performed in 
culture media at 37°C. Rat hippocampal neuron experiments are performed in 
neurobasal media stabilized with 30 µl HEPES buffer at 37°C. Neurons are 
located via differential interference contrast (DIC) microscopy and a scan area of 
1 µm x 1 µm was chosen with a lateral resolution of 31.25 nm. 
 
Unless otherwise specified, all force measurements are recorded with a loading 
rate of 24000 pN/s, which is calculated by multiplying the tip retraction velocity 
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(nm/s) by the spring constant of the cantilever (pN/nm). The nominal spring 
constant    of the employed cantilever is 30 pN/nm, as provided by the 
manufacturer. Exact values for the cantilever spring constants are obtained via a 
thermal noise based method implemented by the manufacturer and were used in 
all calculations. We chose this cantilever stiffness because it is known that when 
   < 10 pN/nm, the soft linkage of the protein-protein interaction dominates the 
behavior of the cantilever-protein effective spring system (Evans 2001). The 
approach and retraction velocities are held constant at 800 nm/s. Probes had 
nominal tip radii of 20 nm and nominal angle of 20°, as provided by the 
manufacturer.  
 
3.7. Epifluorescence optical imaging 
Epifluorescence optical imaging is employed to validate the transfection of SK2-S 
and SK2-L channels in the HEK293T cells. The inverted microscope attached to 
the AFM is equipped with fluorescence which allows for simultaneous validation 
of AFM images of surface SK channel distribution with epifluorescence. Channel 
constructs are tagged with GFP (by the Tzingounis lab) and visualized at 509 nm 
prior to and during AFM experiments. 
 
3.8.  Environmental controls 
All experiments are performed at 37°C, normal human body temperature. The 
Petri Dish Heater (Asylum Research), a temperature controlled sample stage for 
the MFP-3D AFM, is employed for heating and maintaining sample temperature. 
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The temperature inside the sample is controlled (±0.1°C) via closed loop 
temperature control of the sample using the Environmental Controller (Asylum 
Research). 
 
3.9.  Data processing and analysis 
To detect the distribution of SK2 channels on the cell surface, spatially-resolved 
adhesion maps are recorded using an apamin functionalized probe over 1 µm2 
areas. Adhesive forces are extracted from each of the 1024 force curves 
acquired from each test. A MATLAB (Mathworks) program developed in our lab 
is then used to create visual adhesion force maps where each pixel represents 
an independent rupture force obtained from the retraction portion of the force-
distance curve. To obtain the mean and variance of the bond magnitude of the 
apamin SK2 interactions for each experiment, the rupture forces obtained from 
the retraction portion of the force-distance curve were fit with a Gaussian 
distribution using a maximum likelihood estimator in MATLAB.  
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Chapter 4. Results 
 
4.1. Expression of SK channels transfected in HEK293T cells 
To test our approach, apamin is attached to the tip of an AFM cantilever through 
a PEG-linker (as explained in Ch. 3.5.) and HEK293T cells are transfected with 
the most commonly expressed SK2 channel isoform, SK2-S (Bond, Herson et al. 
2004). Force-distance curves are then recorded between the apamin-
functionalized tips and SK2-S channels (Fig. 4.1.1). 
 
 
Figure 4.1.1. Probe functionalization. AFM cantilever probe is functionalized with 
apamin, a toxin that specifically binds to SK channels. 
 
Adhesion forces are defined as the maximum rupture force associated with the 
force-distance curves (Fig. 4.1.2). It is expected that adhesion forces would be 
higher in areas where the apamin-functionalized cantilever makes contact with 
underlying SK channels as compared to areas without SK channels because the 
binding between apamin and the SK channels requires a significantly higher 
rupture force as compared to apamin interactions with the pure membrane.  
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Figure 4.1.2. Force-displacement curves. When apamin attached to the AFM probe 
adheres to an SK2 channel on the cell, the force-displacement curve exhibits an abrupt 
shift to zero value as shown in the red curve. The shift corresponds to the rupture force. 
If there is no SK2 channel at the detection point and consequently no adhesive 
interaction, then the retraction curve is smooth similar to the black curve. The arrow 
pointing from right-to-left shows the movement of the AFM probe approaching and 
making contact with the cell surface, while the arrow pointing downward and to the right 
demonstrates the movement of the AFM probe retracting from the cell surface. 
 
Adhesive forces are measured over a 1 µm2 area of HEK293T plasma 
membrane in cells transfected with SK2-S. For each recording, 1024 force-
distance curves are obtained with a lateral resolution of 31.25 nm, ensuring that 
each curve sampled is from a different SK2-S channel. Fig. 4.1.3B shows an 
example of a SK2-S adhesive force map with rupture forces detected between 
21.0 to 56.4 pN for events above baseline. Such events were detected in 4.56 ± 
0.75% of sampled sites (Fig. 4.1.3D; n=6). The dynamics of the apamin SK2-S 
interaction were also investigated by recording the force-distance curves at 
different cantilever retraction rates (2400 pN/s – 240000 pN/s). The approach 
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rate of the cantilever was held constant at 24000 pN/s. The mean adhesion force 
does not depend on the retraction rate suggesting that the observed interactions 
 
 
Figure 4.1.3. Detection of SK2 channels on living cells using AFM. (A) Adhesion 
force map of an untransfected HEK293T cell probed with an apamin functionalized 
probe shows minimal adhesion. Each pixel corresponds to a rupture force according to 
the color scale shown. (B) Adhesion force map of a HEK293T cell transfected with SK2-
S channels and (C) of a transfected HEK293T cell after bath application of 100 nM 
apamin to mask the apamin binding sites of SK2 channels. (D) Frequency graph of 
untransfected, SK2-S transfected HEK293T cells, and SK2-S transfected HEK293T cells 
in the presence of apamin. Star indicates statistical significance of p<0.01 (ANOVA 
Tukey post-hoc test). Scale bars, 250 nm. Color scale as shown. 
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Figure 4.1.4. Dynamics of the apamin interaction with transfected SK2-S channels. 
Dependence of the adhesion force on the loading rate applied during retraction, 
measured between an apamin-functionalized cantilever tip and HEK293T cells 
transfected with 3.0 µg SK2-S (n = 3 for each loading rate). Upon investigation of the 
dynamics of the apamin SK2-S interaction, force-distance curves are recorded at 
different retraction rates (2400 pN/s, 24000 pN/s, 240000 pN/s). The dwell time (0 s) and 
loading rate during approach (24000 pN/s) remained constant. The mean adhesion force 
does not notably change with the loading rate, indicating that measurements were 
performed close to thermodynamic equilibrium (Auletta, De Jong et al. 2004). 
 
between apamin and SK2-S are at thermodynamic equilibrium (Evans 2001; 
Auletta, De Jong et al. 2004) (Fig. 4.1.4). 
 
To determine the specificity of the measured adhesion forces, experiments are 
repeated in untransfected HEK293T cells as well as in SK2-S transfected cells 
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pre-incubated with apamin. As shown in Fig. 4.1.3A, substantial adhesive forces 
are rarely recorded in untransfected cells (0.56 ± 0.2% of sampled sites; n=3). 
Similarly, the frequency of adhesive force events detected on untransfected cells 
is not significantly different from the frequency on SK2-S transfected cells pre-
incubated with apamin in the extracellular medium (1.04 ± 0.2% of sampled sites; 
n=3; p=0.4; Wilcoxon) (Fig. 4.1.3C). For SK2-S transfected cell preinsubated with 
apamin, avents with significant adhesive forces most likely reflect SK2-S 
channels that are not bound to apamin from the bath. Lastly, SK2-S currents are 
measured using patch clamp electrophysiological recordings to verify that the 
expressed channels are functional and apamin-sensitive (Fig. 4.1.5).  
 
To determine if the events detected with an apamin functionalized probe indicate 
the presence of a single SK channel, varying concentrations of two SK channel 
 
 
Figure 4.1.5.  SK2-S currents. Expression of SK2-S channels in HEK293T cells lead to 
apamin sensitive currents. Measurements were performed in the Tzingounis lab to verify 
that the expressed SK2 channels in HEK cells are functional and apamin-sensitive. 
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isoforms, SK2-S and SK2-L, were transfected. Previously it has been shown that 
the SK2-L isoform tends to form clusters due to its cysteine rich N-terminus 
(Strassmaier, Bond et al. 2005), unlike the SK2-S isoform which tend to organize 
as single entities. By increasing the concentration of SK2-S plasmid DNA 
transfected (0.5 to 3.0 µg), the mean adhesion force of the detected events did 
not substantially change (0.5 µg, 27 ± 7 pN; 1.5 µg, 32 ± 8 pN; 3.0 µg, 31 ± 10 
pN) (Figure 4.1.6A-C). By plotting a histogram of adhesion forces, a unimodal 
Gaussian distribution, fit using a maximum likelihood estimator, is obtained for  
each concentration. The unimodal distribution in conjunction with the unchanged 
mean adhesion force suggests detection of primarily a single population of SK2-
S channels with no more than one SK2-S channel per 31.25 nm. A different 
 
Figure 4.1.6. SK2-S channel detection. Counting SK2 channels in living cells. 
Adhesion force map and corresponding frequency histograms of HEK293T cells 
transfected with (A) 3.0 µg SK2-S (n=6), (B) 1.5 µg SK2-S (n=6), and (C) 0.5 µg SK2-S 
(n=6). Scale bars, 250 nm. Color scale as shown. 
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situation is encountered with the SK2-L isoform. Increasing the plasmid DNA 
concentration of SK2-L from 0.1 µg to 3.0 µg substantially increased the mean 
adhesive force (0.1 µg, 27 ± 6 pN; 1.5 µg, 44 ± 10 pN; 3.0 µg, 43 ± 11 pN) 
(Figure 4.1.7A-C). Cells transfected with 0.1 µg of SK2-L plasmid DNA result in 
force distributions similar to experiments on cells transfected with the SK2-S 
isoform, suggesting that at this very low concentration, single SK2-L channels 
can be identified. At higher concentrations (1.5 and 3.0 µg), the mean adhesive 
forces for SK2-L are approximately twice as large as the mean force obtained 
with 0.1 µg SK2-L plasmid DNA or the non-clustering SK2-S isoform. 
Considering that both isoforms share the same apamin binding site sequence 
reflects the presence of two SK2-L channels per recorded site. The previous 
 
Figure 4.1.7. SK2-L channel detection. Counting SK2 channels in living cells. 
Adhesion force map and corresponding frequency histograms of HEK293T cells 
transfected with (A) 3.0 µg SK2-L (n=6), (B) 1.5 µg SK2-L (n=6), and (C) transfected with 
0.1 µg SK2-L (n=6). Scale bars, 250 nm. Color scale as shown. 
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results suggest that the apamin-dependent adhesive forces measured by AFM 
are specific and can be used to quantitatively map SK channels on living cell 
surfaces. 
 
 4.2. Localization of SK channels in cultured hippocampal neurons 
After establishing the technique in HEK293T cells, we next employed AFM using 
apamin-functionalized cantilever tips to map the subcellular distribution of native 
SK channels in cultured hippocampal pyramidal neurons. Although SK channels 
play a critical role in hippocampal neurons, there is disagreement about their 
subcellular localization (Bowden, Fletcher et al. 2001; Lin, Lujan et al. 2008; 
Ballesteros-Merino, Lin et al. 2011). We probed several 1 µm2 cell surface 
regions, focusing on the soma and dendrites (Fig. 4.2.1 and Fig. 4.2.2). Based on  
 
 
Figure 4.2.1. Optical microscopy image of rat hippocampal neuron. Representative 
optical microscopy image showing a rat hippocampal neuron and an AFM cantilever 
probe. Box showing the scan area is disguised. 
 
31 
 
 
 
 
Figure 4.2.2. Polarization of SK channels in pyramidal neurons. SK channels are 
polarized in pyramidal neurons. (A) Adhesion force maps and corresponding histogram 
showing detected SK2 channels on the distal region of the dendrite (n=11). (B) Adhesion 
force maps and corresponding histogram showing detected SK2 channels on the 
proximal region of the dendrite (n=7). (C) Adhesion force maps and corresponding 
histogram showing the detection of SK2 channels on the soma (n=7). (D) Adhesion force 
maps and corresponding histogram showing the detection of SK2 channels on the soma 
after transfection with SK2 channels (n=6). Scale bars, 250 nm. Color scale as shown. 
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the recordings, SK channel distribution in neurons is polarized with the highest 
adhesion event frequency found on dendritic regions furthest from the soma (>30 
µm) (6.2 ± 1.1%, n = 11), and the lowest frequency at the soma itself (0.29 ± 
0.1%, n = 5), a 20-fold difference (Figure 4.2.2A-C; p<0.001 Student’s t-test). The 
frequency of adhesion events at dendritic areas proximal to the soma (~10-20 
µm) is (0.70 ± 0.2%, n=7). Interestingly, the adhesive force distribution at more 
distal dendritic regions (>30 µm) did not follow a unimodal distribution, but 
instead was best fitted as a mixture of two Gaussians with peaks at 22 ± 6 pN 
and 41 ± 14 pN. These values are similar to those obtained for single and 
clustered channels in HEK293T cells (Fig. 4.1.6-4.1.7), suggesting that native SK 
channels are distributed as single channels or as groups of two channels in distal 
dendritic regions of hippocampal pyramidal neurons. Therefore, the density of SK 
channels on dendritic surfaces would range between 60-90 channels/µm2, 
assuming a 6.2% adhesion frequency (Fig. 4.2.2). 
 
The absence of apamin sensitive SK channels at the soma was surprising given 
that they have been detected in the soma of cultured pyramidal neurons in prior 
studies (Lin, Lujan et al. 2008). However, the previous work focused on the 
localization of transfected SK2-S channels rather than endogenous channels and 
may have resulted in artificially high levels of SK2 channels throughout the cell. 
To determine whether overexpression changes the distribution of channels, we 
overexpressed SK2-S channels in cultured hippocampal pyramidal neurons and 
repeated our measurements with the apamin functionalized AFM probe. In this 
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situation, adhesive forces were readily detectable at the soma from SK2-S 
transfected neurons (Fig. 4.2.2D). The adhesive force histogram could be fitted 
as a mixture of two Gaussians, with peaks of 40 ± 11 pN and 67 ± 14 pN (Fig. 
4.2.2D), values approximately two- and three-fold greater than the mean 
adhesive force for a single SK channel. This confirms that overexpressed SK2 
channels are localized to the soma and suggests that they cluster in groups of 
two to three channels. However, the absence of significant adhesive events in 
untransfected neurons indicates that native SK channels are not expressed in 
this subcellular compartment in hippocampal pyramidal neurons. 
 
 
4.3. Neuromodulation of SK channels 
Finally, the quantitative nature of this technique is employed to determine how 
the dendritic SK channel distribution changes in response to neuromodulation. 
 
Figure 4.3.1. Neuromodulation of SK channels. SK channel activity is often affected 
by generation of cAMP and subsequent activation of PKA. 
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SK channel activity is affected by multiple neuromodulators, often through the  
generation of cAMP and subsequent activation of protein kinase A (PKA). 
 
 
Figure 4.3.2. Dynamics of SK channel distribution. SK channel maps in pyramidal 
neurons are dynamic. (A) Adhesion force maps showing detected SK2 channels without 
FSK on the soma, proximal dendrite, and outward dendrite. (B) Adhesion force maps 
showing a significant decrease in detected SK2 channels after administration of 30 µM 
FSK for 15 minutes. (C) Adhesion force histograms showing the distribution of rupture 
forces in the native state (tan, background) and after FSK administration (red, 
foreground). Scale bars, 250 nm. Color scale as shown. 
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Studies in neurons and heterologous cells have shown that application of 
forskolin, a strong PKA activator, causes the internalization of SK2 channels from 
cell surfaces (Strassmaier, Bond et al. 2005; Allen, Fakler et al. 2007; Vacher, 
Mohapatra et al. 2008). Therefore, we measured adhesive events in neurons that  
had received 30 µM forskolin for 15 minutes directly prior to experiments. 
Compared to untreated neurons, the more distal dendrites (>30 µm from the 
soma) of forskolin stimulated neurons exhibited fewer apamin-dependent 
adhesive events (Fig. 4.3.2). Interestingly, the histogram of apamin adhesive 
force magnitudes revealed that the channels were not lost evenly. Although SK 
channels are found both alone and clustered in untreated neurons, the apamin 
adhesive force histogram followed a single Gaussian distribution after forskolin 
treatment centered close to the value for unclustered SK channels (after 
forskolin: mean adhesive force of 29 ± 5 pN). Thus, forskolin appears to 
predominantly cause the loss of clustered SK complexes. 
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Chapter 5. Discussion 
 
The results presented in this work demonstrate that the integration of single 
molecule atomic force microscopy with toxin pharmacology allows for molecular 
mapping of the spatial organization and density of endogenous SK channels in 
living neurons. By taking advantage of the nanometer resolution of single 
molecule AFM, it is demonstrated that SK channels are highly concentrated on 
neuronal dendrites as opposed to somatic regions. Importantly, using this 
approach it is shown that SK channels are organized on neuronal membranes in 
either group of two or as single entities. This differential clustering might 
represent the distribution of the two SK2 channel splice isoforms, plasma 
membrane diffusional barriers, or areas of exocytosis. Currently, these 
alternatives cannot be distinguished between.  
 
The high density of SK channels in dendrites is also consistent with 
electrophysiological and imaging work showing that SK channels are critical in 
regulating dendritic integration (Cai, Liang et al. 2004), controlling the kinetics of 
excitatory postsynaptic potentials, and induction of long-term potentiation, 
learning and memory (Bond, Maylie et al. 2005; Adelman, Maylie et al. 2012). 
But is there a particular advantage for the high SK channel concentration in 
dendrites? It is suggested that high SK channel concentrations might increase 
the gain and reliability of SK channel activation. This might be necessary as SK 
channels are found in calcium microdomains. That is, SK channels and calcium 
channels are found within 100-150 nm distances from each other, unlike BK 
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channels that are in calcium nanodomains (10-30 nm) (Marrion and Tavalin 
1998; Fakler and Adelman 2008). As the calcium concentration decays very 
rapidly following calcium channel closure the likelihood of activating SK channels 
would also decrease quickly. SK channels partly counteract this effect by having 
high calcium affinity (Km: ~500-700 nM) (Hirschberg, Maylie et al. 1999; Stocker 
2004). However, SK channel activation might also be boosted though their high 
dendritic density. This will further increase their prospect of activation, as more 
SK channels will be available to capture calcium. Future studies and modeling 
are required to test this possibility and to also examine whether a high density of 
SK channels could lead to buffered diffusion of calcium within the SK channel 
clusters (Katz and Miledi 1973; Magleby and Terrar 1975). Calcium buffered 
diffusion will further increase the probability of SK channel activation. 
 
In conclusion, by using naturally derived toxins that bind with high affinity to ion 
channels, we can map the subcellular distribution of native ion channels as well 
as count the number of ion channels at the cell surface.  Over the years, toxins 
have emerged as an invaluable tool to study ion channel physiology as well as 
the relationship between their structure and function (Miller 1995; Terlau and 
Olivera 2004). Some studies have also used toxins for ion channel localization. 
However, these studies relied on non-living tissue and the use of either 
radioactive labeled toxins or toxins conjugated with fluorescence probes (Rawlins 
and Villegas 1978; Wang, Yu et al. 2003; Roux, Wersinger et al. 2011). Although 
conjugating toxins with fluorescence dyes would allow for the determination of 
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ion channel density in living neurons, it would be difficult to visualize ion channels 
on the single channel level without appropriate computational tools. Instead the 
integration of toxin pharmacology with single molecule AFM bypasses these 
issues, as it only requires knowledge of the forces between the toxin and the ion 
channel of interest. The approach presented is expected to have a significant 
impact on the study of ion channels and other surface proteins for which high 
affinity toxins exist. 
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Chapter 6. Conclusions 
 
In conclusion, the integration of single molecule AFM with toxin pharmacology 
allows for molecular mapping of the spatial organization and density of 
endogenous SK channels in living neurons. By taking advantage the nanometer 
resolution of single molecule AFM we demonstrate that SK channels are highly 
concentrated on neuronal dendrites. Importantly, using this approach it is shown 
that SK channels are organized on neuronal membranes in either a group of two 
or as single entities. This differential clustering might represent the distribution of 
the two SK2 channel splice isoforms, plasma membrane diffusional barriers, or 
areas of exocytosis. Currently, we cannot distinguish between these alternatives. 
The high density of SK channels in dendrites is also consistent with 
electrophysiological and imaging work showing that SK channels are critical in 
regulating dendritic integration (Cai, Liang et al. 2004). Collectively, by using 
naturally derived toxins that bind with high affinity to ion channels, we can map 
the subcellular distribution of native ion channels as well as count the number of 
ion channels at the cell surface. This approach is expected to have a significant 
impact in the study of ion channels and other surface proteins for which high 
affinity toxins or compounds exist.  
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Chapter 7. List of Conference or Journal Publications 
 
7.1. Journal Publications 
Maciaszek, JL., Soh, H., Walikonis, RS., Tzingounis, AV., Lykotrafitis, G., 
“Topography of native SK channels revealed by force nanoscopy in living 
neurons”, Under Review. 
 
7.2. Conference Presentations 
Maciaszek, JL., Soh, H., Kim, KS., Walikonis, RS., Tzingounis, AV., Lykotrafitis, 
G., “Spatial organization of calcium-activated SK channels revealed by 
atomic force microscopy in living neurons”, Society for Neuroscience 2011 
Annual Meeting, Poster, Washington, DC, November 2011. (Presenter) 
Maciaszek, JL., Tzingounis, AV., Lykotrafitis, G., “Mapping Calcium-activated 
potassium channels (SK) in living neurons using single molecule force 
spectroscopy”, Biomedical Engineering Society 2011 Annual Meeting, 
Talk, Hartford, CT, October 2011. (Presenter) 
Kwang, K., Maciaszek, JL, Tzingounis, AV., Lykotrafitis, G. “Mapping Small-
Conductance Calcium-Activated Potassium Channels (SK) in Neurons”, 
Society of Experimental Mechanics Annual Conference & Exposition on 
Experimental and Applied Mechanics, Talk, Uncasville, CT, June 2011. 
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